Introduction
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The liver is the largest metabolic organ of the human body and vital for blood detoxification and Although the general organization of the liver into distinct millimeter-sized lobules is quite 47 clear, the micro-anatomy of a single lobule is much less understood. Sinusoidal endothelial cells 48 and hepatocytes form a heterogeneous 3D packing of cells and labyrinths of sinusoids and BC 49 without apparent order (1, 5) . However, the function of sinusoid and BC networks prompt precise 50 design requirements: each hepatocyte must be in contact with both networks, yet the networks 51 must never intersect. This defines a problem of self-organization to satisfy these competing design 52 requirements. Hans Elias in 1949 pioneered the structural analysis of the mammalian liver tissue 53 (6-9). He proposed a structural model whereby the sinusoids are separated from one another by 54 walls of hepatocytes (one-cell-thick), forming a "continuous system of anastomosing plates, much 55 like the walls separating the rooms within a building" (6, 8) . In his idealized model, Elias proposed 56 that the tissue structure is based on hepatic plates built of alternate layers of polyhedral (decahedra 57 and dodecahedra) cells forming a network of BC and traversed by the sinusoids. The model has 58 been a milestone in the field. However, the analysis underlying the structural model was hampered 59 by the difficulties of reconstructing the 3D tissue structure, which at that time relied on 60 stereological analysis of 2D images (6, (8) (9) (10) . Consequently, the limitations in throughput of 3D 61 reconstructions were a major bottleneck for inferring the rules of structure governing liver tissue. To understand liver architecture, from the lobule down to the sub-cellular level, we built a 67 3D geometrical digital representation of adult mouse liver from confocal images (Fig.1) imaging individual CV-PV-axes, at high-resolution (Fig.1D , corresponding to gray box in Fig.1C ).
75
The multi-resolution imaging allowed us to analyze the distribution of apical and basal surfaces of 76 single hepatocytes (Fig.1F) , as well as sinusoids and BC network geometry ( 
80
Hepatocytes display biaxial cell polarity 81 The liver parenchyma appears to lack a regular structure at the mesoscopic scale (Fig.1) . 82 Yet, its functional requirements suggest the existence of hidden order. To reveal it, we examined 83 the orientation of hepatocyte polarity in the tissue. In simple epithelia, such as in the kidney and 84 intestine, apico-basal cell polarity can be described by a single vector pointing from the cell center 85 to a single apical pole (1, 12, 13) (see schematic in Fig.2A ). However, hepatocyte polarity cannot 86 be described by a single apico-basal polarity axis. Specifically, the spherical harmonic power 87 spectrum of their apical surface patterns peaks not at the first but at the second mode. Therefore, 88 we introduce a new concept of biaxial cell polarity described by nematic tensors (see Methods). 89 Nematic tensors have been used to describe anisotropic structures in physics (e.g. liquid crystals 90 composed of anisotropic units (14)) and recently in biology (e.g. 2D epithelial tissues (15)). They 91 are characterized by two principal axes (a third axis can be deduced from the other two). The 92 4 geometric meaning of these axes, here termed the bipolar and the ring axis, is best exemplified in 93 two extreme cases (Fig.2B, C) . In the bipolar case, a marker is concentrated on two opposite poles 94 ( Fig.2B) , whereas in the ring case, the marker forms a belt around the cell (Fig.2C ). In the first 95 case, the bipolar axis passes through the two poles (orange axis, ), whereas the ring axis is not 96 uniquely defined (it is degenerate in the plane perpendicular to the bipolar axis). In the second 97 case, the ring axis is perpendicular to the plane of the ring and well defined (cyan axis, ), whereas 98 the bipolar axis is degenerate. In the case of hepatocytes, the distribution of the apical plasma 99 membrane is in between these two extreme cases, resulting in two well defined perpendicular axes 100 (Fig.2D) . Each of the two cell polarity axes has an associated weight deduced from the nematic 101 tensors (see Materials & Methods) , for the bipolar axis and for the ring axis (Fig.2E) . The 102 distribution of weights is skewed in favor of the belt-like apical surfaces. However, extreme cases 103 described only by a single axis are very rare in the population of hepatocytes. We can define an 104 analogous pair of axes for the distribution of basal plasma membrane, and , yielding similar 105 results (Fig.S4) . Therefore, the polarity of hepatocytes is characterized by two nematic tensors and 106 four axes ( , , , ). Next, we explored the relationship between apical and basal biaxial cell 107 polarity. We found a preferential parallel alignment for apical and basal axes of different types, on CV and PV, respectively, generates a pattern of flux ( ) (Fig.3C ) similar to the pattern of 120 averaged bipolar apical axes (Fig.3B) . A comparison of averaged apical bipolar axes and the flux 121 pattern is shown in color-code in Fig.3D and quantified in Fig.3G , where red color indicates 122 5 strong alignment with the reference direction and blue denotes a perpendicular orientation.
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Performing the same analysis for the ring-like axis yielded a preferentially perpendicular 124 orientation with respect to the reference direction (Fig.3E, G) . Consequently, belt-like apical 125 domains are oriented to facilitate bile transport along the reference direction (see also Fig.S5) axis (see Fig.S6 ). Such periodicity in only one direction is a hallmark of a layered structure. First, the BC network appeared disrupted and more branched (due to an increase of dead-172 end branches) (Fig.4A) . Interestingly, the biaxial cell polarity of hepatocytes was not 173 compromised. We observed almost unchanged correlation patterns between apical and basal cell 174 polarity axes ( Fig.4B ) and indistinguishable distributions of their weights (Fig.S4 ). This suggests 175 that hepatocyte polarity is maintained by a cell-autonomous mechanism. On the scale of individual 176 hepatocytes, the only change was a significant increase in apical surface at the expense of the basal 177 surface (Fig.S2) . However, the long-range order of hepatocyte cell polarity was strongly perturbed 178 ( Fig.4C and Fig.S7) . Surprisingly, despite the silencing of Integrin-β1 being limited to hepatocytes 179 at the used dosage, the sinusoidal network was also severely disrupted, with loss of its long-range 180 7 organization (Fig.4A, D 
